T he essential SecY/61 complex selectively orchestrates the passage of newly synthesized proteins across and into the cytoplasmic and endoplasmic reticular (ER) membranes of prokaryotes and eukaryotes, respectively. Protein translocation is driven by associated cotranslating ribosomes or by specialized energy-transducing factors, such as the bacterial ATPase SecA. The protein-conducting channel is formed by a monomer of the SecYEG complex, encapsulated by two halves of SecY (1) . The separation of transmembrane segments (TMSs) 1-5 from 6-10 along with the displacement of a central plug could help form a channel through the membrane to the outside, as well as laterally into the bilayer (1) . SecYEG forms dimers in the membrane (2), required for association and activation of SecA (3) (4) (5) . However, in vivo, the passive SecYEG complex is not rigidly fixed to the translocating copy, nor is it absolutely essential for transport (6) .
Escherichia coli inner membranes harbor a "holo-translocon" (HTL) containing SecYEG and SecDF-YajC (7) . YidC is a ubiquitous and essential membrane protein "insertase" (8, 9) that functions in concert with SecYEG during the biogenesis of many inner membrane (IM) proteins (10) (11) (12) . In contrast, the insertion of small polypeptides such as the M13 procoat, Pf3 coat protein, and subunit c of the F 1 F O -ATP synthase are thought to occur through YidC alone (13) (14) (15) . YidC and SecYEG may be bridged in the HTL by a subcomplex consisting of SecD, SecF, and YajC (16) . SecDF may also act in the regulation of the interaction and activity of SecA with SecYEG (7, 17, 18) . Like SecYEG, SecDF is thought to transduce the energy available in the transmembrane proton-motive force (PMF) to stimulate translocation (19) (20) (21) , analogous to other members of the Resistance-Nodulation-Cell Division (RND) superfamily also conferring PMF-driven substrate efflux (22) .
We have developed an expression system (23) that allows the simultaneous overexpression of all seven membrane proteins comprising the HTL. Its purification allows the exploration of unknown aspects of its organization, activity, and bioenergetics, providing insights into the general secretion and membrane protein insertion machinery.
Results

Production and Purification of the HTL: A Membrane Protein Complex
of SecYEG-SecDF-YajC-YidC. By using ACEMBL, a multigene expression system for complex production in E. coli (23), we constructed a single plasmid encoding and allowing for high-level expression of all seven subunits of the HTL (Fig. S1 ). The complex was purified by Ni 2+ chromatography followed by size exclusion combined with an anion exchange step. The HTL eluted as a
Significance
In this paper, we describe the biophysical properties, stoichiometry, and activity of the Escherichia coli SecYEG-SecDF-YajCYidC holo-translocon. This multiprotein complex consists of seven membrane protein subunits, including those components responsible for both protein secretion (SecYEG) and membrane protein insertion (YidC). We demonstrate the isolation of a stable complex containing YidC together with the core SecY translocon. The availability of this intact assembly allows us to reconstitute posttranslational protein export and cotranslational membrane protein insertion from purified components of known stoichiometry. The experiments demonstrate that protein secretion and insertion occur through a single complex. The reconstitution of membrane protein insertion from defined components is a novel development, breaking ground for the functional analysis of this largely unknown process.
symmetrical peak in detergent (n-dodecyl-β-D-maltoside, DDM), characteristic of a single complex (Fig. 1A ). All components of the complex but YajC were clearly visible by SDS/PAGE (Fig. 1B) . The integrity of the complete complex was verified by applying the purified sample (input) onto a calmodulin column, which retained all seven subunits by virtue of the calmodulin binding peptide (CBP) attached to the C terminus of YajC ( Fig. 1C and Fig. S1 ).
Stability of the HTL Complex. Examination by blue-native (BN)-PAGE revealed one prominent and one diffuse band migrating respectively at ∼300 kDa and ∼150-200 kDa (Fig. 1D ). Both bands were excised and subject to a second-dimension denaturing gel. The higher-molecular-weight (MW) form contained all seven subunits of the HTL (Fig. 1E, lane 1) , with a combined mass of ∼250 kDa, most likely representing the intact complex. The appearance of the lower-MW bands (Fig. 1E, (24) . The SecDF-YidC complex had no tendency to oligomerize (Fig. 1F) .
The intact HTL complex has the same apparent MW as SecYEG dimers (Fig. 1F, asterisk) and, therefore, can only contain single copies of SecYEG and SecDF-YajC-YidC. The extraction of tightly bound phospholipids by high detergent concentrations may account for the dissociation of the HTL complex, which is also the case for SecYEG dimers (25) . The integrity of the complex could be directly demonstrated by negativestain electron microscopy ( Fig. S2, Left) , which revealed the presence of uniformly sized particles of purified HTL complex, as shown in the selected 2D class averages (Fig. S2, Right) .
Subunit Organization of the HTL Complex. We performed in-membrane cross-linking experiments using the photo-inducible Trisbipyridylruthenium(II) to investigate protein-protein interactions within the HTL. SecYEG was used as a control; as reported previously (4), we observed the formation of SecE-E and SecY-Y products upon cross-linking of inner membrane vesicles (IMVs) containing overexpressed SecYEG, indicative of the presence of SecYEG dimers ( Fig. 2A) . When IMVs containing overexpressed HTL complex were subjected to the same treatment, the SecE-E and SecY-Y products were no longer detectable ( Fig. 2A) . To confirm that this result is not due to the decreased signal from blotting with the SecE antibody, we used the homo-bifunctional amine-reactive reagent dithiobis[succinimidyl propionate] (DSP) as an alternative method for ex vivo cross-linking of the native membranes before HTL and SecYEG purification. In contrast to Tris-bipyridylruthenium(II), which couples neighboring residues without a linker, DSP extends the cross-linking range by virtue of its 12-Å spacer arm, allowing for identification of nearby interaction partners. In HTL-and SecYEG-overexpressing membranes, those cross-links occurring within the SecYEG subcomplex (SecY-E, SecY-G, and SecE-G) could be generated with similar efficiency (Fig. 2B, red boxes) . Cross-links at the interface between SecYEG dimers (SecE-E, SecY-E-E, and SecY-Y; Fig. 2B , green boxes) were either lost or considerably diminished in the HTL complex.
Notably, new higher-MW products were observed in the crosslinked HTL sample, indicative of contacts between SecYEG and SecDF-YajC-YidC subcomplexes (Fig. 2B, blue boxes) . These HTL-specific bands cross-react with SecY, SecE, and SecG antibodies and are larger than the corresponding cross-links with SecY ( Fig. 2B ; Y-Y, Y-E, and Y-G, respectively) and therefore must have arisen from cross-links with the higher-MW subunits SecD or YidC. Mass spectrometry performed on corresponding bands excised from Coomassie-stained gels (Fig. S3, asterisk) confirmed the presence of both SecD and YidC. Taken together, the results show that the HTL complex contains only one copy of SecYEG, which contacts SecD and YidC in place of the second copy of SecYEG found in the dimeric form. Interaction of the HTL Complex with SecA. We analyzed the ability of the HTL complex to associate and activate the motor ATPase SecA for secretion. Both HTL and SecYEG had significantly increased rates of SecA-mediated ATP hydrolysis in the presence of cardiolipin (CL), a phospholipid previously demonstrated to stabilize and stimulate the activity of the SecYEG dimer (25) (Fig. 3A , compare Upper and Lower). The apparent affinity of the HTL for SecA was in fact too high to be measured accurately but is clearly higher than that for SecYEG, as is the stimulation of the ATPase activity (Fig. 3A , Lower). The association of SecA and SecYEG in the ATP-bound state can be monitored by the quenching of fluorescein-labeled SecA in the presence of a nonhydrolyzable analog adenosine 5′-(β,γ-imido)triphosphate (AMPPNP) (4). This same effect was observed upon the addition of the HTL complex (Fig. 3B) . The affinity of SecA ATP for HTL is considerably increased (>10-fold) in the presence of CL. In fact, the K d was again too low to be measured accurately. This effect is consistent with the binding of SecYEG to SecA (Fig. 3B) . The results show that SecYEG dimers (25) and HTL act on SecA in a very similar CL-dependent fashion.
ATP-and PMF-Driven Protein Secretion Through the HTL Complex. To assess the functionality of the isolated HTL complex, we examined its ability to transport the outer membrane precursor protein pro-OmpA across a lipid bilayer. The ATPase activity (V max ) corresponding to translocation of pro-OmpA into vesicles containing either SecYEG core complex or HTL was about the same (Fig. 3C, Upper) . However, the K m for proOmpA was lower for the HTL (0.55 μM compared with 0.80 μM), indicating a higher affinity of the translocating polypeptide. Much more striking was the conversion efficiency of ATP to transport, which is very much reduced for the HTL complex (Fig. 3C, Lower) .
Next, translocation was assessed in the presence and absence of a transmembrane PMF. For PMF generation, the light-driven proton pump bacteriorhodopsin (BR) was incorporated into proteoliposomes harboring SecYEG or the HTL. The reconstitution efficiency was assessed by SDS/PAGE (Fig. S4) . The levels of BR in both sets of proteoliposomes were similar and the quantities of SecY were consistent with their expected stoichiometries (i.e., twice as much in the SecYEG sample, owing to the presence of two copies of SecY, compared with one in the HTL). Thus, respective transport activities could be legitimately compared.
The translocation assay was monitored following addition of SecA, ATP, and proOmpA, in the presence (+PMF) or absence (−PMF) of a light source. The HTL complex is less effective in ATP-dependent SecA-driven protein secretion and more dependent on the PMF (Fig. 4A) . To verify that the reduced secretion activity of the HTL complex was not the result of an asymmetric reconstitution favoring inwardly-facing cytosolic sites, the sidedness of the vesicles was investigated by exposure to trypsinolysis (Fig. S5) . A 21-kDa band appeared, which corresponds to the N-terminal fragment of SecY, owing to cleavage in the cytosolic loop between TMSs 6 and 7 (26) . In both proteoliposomes containing SecYEG and HTL complexes, SecY was sensitive to proteolysis (Fig. S5) . Evidently, the reconstitution has favored the orientation with the cytosolic surface facing outward. Therefore, the observed reduction in secretion activity of the HTL complex is not the result of a reduction in available sites for translocation.
To confirm that the secretion activity seen for the HTL was not due to dissociation of the [SecYEG]-[SecDF-YajC-YidC] heterodimer and reformation of SecYEG dimers, we performed DSP cross-linking on the proteoliposome samples used for translocation (Fig. 4B ). Although the cross-linking efficiency was reduced, presumably owing to removal of the HTL from its native membrane environment, immunoblotting results for SecY in this context mirrored the trends observed in IMVs containing overexpressed SecYEG and HTL (Fig. 2B) . Proteoliposomes containing SecYEG produced SecY-Y and SecY-E-E crosslinks, owing to the presence of SecYEG dimers. These were not observed in cross-linked proteoliposomes containing the HTL complex (Fig. 4B) . Therefore, in these assay conditions, the HTL complex contains single copies of SecYEG and SecDF-YajCYidC and remains competent for secretion of proOmpA.
Ribosome Binding of HTL and Its Subcomplexes. The HTL complex and its constituents were tested for their ability to associate with the ribosome by cosedimentation. HTL, SecYEG, YidC, and SecDF-YajC-YidC all displayed a preference for ribosomes displaying the nascent transmembrane helix of FtsQ (27) over nontranslating ribosomes (70S) (Fig. S6) . In contrast, SecDF had an equal preference for translating and nontranslating ribosomes or the small ribosomal subunit (30S) (Fig. S6) , suggestive of a nonspecific interaction. Therefore, the nascent membrane protein probably contacts both SecYEG and YidC.
Using SecY labeled with Cy3 at position 148 and 215 as a control (which does not respond to ribosome binding), we determined the affinity of detergent-solubilized SecYEG and HTL, respectively, to 70S ribosomes by fluorescence analysis (Fig. 5A) . The binding of ribosomes to SecYEG induces conformational changes, which can be monitored by environmentsensitive fluorophores at specific locations (28) . The increase of Cy3 fluorescence at position 148, located at the periplasmic side of the lateral gate, was used to determine a K d for HTL (∼35 nM) and SecYEG (∼200 nM). Therefore, SecDF-YajC and YidC consolidate the association of the translocon with the ribosome.
Membrane Protein Insertion Through the HTL Complex. The presence of SecYEG and YidC in the HTL suggests that the complex could be active in membrane protein insertion. Therefore, we compared the capability of SecYEG and the HTL for insertion of a nascent membrane protein, CyoA, into proteoliposomes. CyoA is a polytopic membrane protein subunit of the cytochrome bo3 oxidase with known dependencies on YidC and SecYEG for cotranslational insertion (29) . Successfully incorporated protein was measured separately by resistance to urea extraction and proteolysis (Fig. 5 B and C and Fig. S7) . By both criteria, CyoA was inserted more efficiently into proteoliposomes containing the HTL. 
Discussion
Our understanding of the integrated process of protein translocation has been restricted by the absence of a pure and stable complex capable of both secretion and membrane protein insertion. Protein secretion is driven through the center of SecYEG (1, 30) and membrane protein insertion through the lateral gate. The partitioning of translocating TMSs into the bilayer is thought to involve YidC (8) , which in some cases may act alone (9) . However, a physical interaction between SecYEG and YidC has yet to be demonstrated. The nature of this interaction and the mechanism of Sec-dependent membrane protein insertion have not been addressed. This work resolves this challenge in the production, purification, and functional reconstitution of a complex containing both SecYEG and YidC, as well as the accessory subcomplex SecDF-YajC-otherwise known as the HTL. The concomitant overexpression of all seven constituents of the HTL complex seems to have been a vital prerequisite for obtaining an intact and active complex. YidC was most likely incorporated as a component of the previously identified SecDF-YajC-YidC subcomplex (16) . We show that the HTL is a hetero-dimeric assembly of single copies of this subcomplex and SecYEG (Fig.  6) , the integrity of which depends on phospholipids.
Cross-linking experiments have localized YidC to the lateral gate of SecY [TMSs 2b, 3, and 7 (12)], which also contacts translocating TMSs as they emerge from the translocon (10, 11, 31) . We also show cross-links between SecD/YidC and SecY, E, and G. These findings, together with a reported functional interaction between SecG and SecDF-YajC (32), are suggestive of an interface involving the N-terminal half of SecY (TMSs 1-5), SecE, and SecG (Fig. 6) .
A comparison of the activities of HTL and SecYEG shows that they are equally capable of inducing high levels of ATP turnover in SecA. The HTL complex associates more tightly with SecA and with the translocating substrate but is less capable of secretion. This difference in the energy transducing stoichiometry may be compensated by the higher dependence of the HTL on the PMF. The determinants and mechanistic basis governing the stimulation by the PMF are not immediately clear. The core SecYEG complex itself couples the PMF to translocation (20) .
The increased dependence of the HTL on the PMF may result from combined effects of SecYEG and SecDF, possibly also through a SecDF-dependent regulation of a membrane-associated state of the SecA ATPase (18) .
The HTL complex is more proficient in cotranslational membrane protein insertion compared with SecYEG alone. The increased efficiency afforded by the presence of YidC in the HTL complex may be critical for rapid protein assembly, membrane biogenesis, and competitive survival. The different dependencies of SecYEG and HTL for secretion and insertion are presumably selected according to the specific requirements of the translocating substrate. Moreover, the dual capabilities of the HTL may be critical for the secretion of large extracellular domains of polytopic membrane proteins.
Different translocons may form either from single copies of SecYEG and SecDF-YajC-YidC (HTL), or two copies of SecYEG (Fig. 6) , or of YidC alone. The estimated number of copies of SecYE (300-400 copies per cell), SecDF (30 copies per cell) (33) , and YidC (2,700 copies per cell) (34) are very different. Thus, a typical cell might contain up to five copies of SecYEG dimers for every SecYEG-[SecDF-YajC-YidC] holo-translocon complex. The need for a large (100-fold) excess of YidC is unclear; it may in part be required for its Sec-independent activity.
The dynamic exchange of the accessory complexes bound to SecYEG may provide a means to modulate translocation activity (Fig. 6 ) and the composition of the membrane and envelope during different stages of growth or upon exposure to different environmental conditions. Similarly, the eukaryotic Sec61 complex and mitochondrial import machinery are likely to associate with a number of different accessory factors such as translocating chain-associating membrane protein or Oxa1, respectively, tailored to the specific needs of folding, assembly, and modification in the membranes of these organelles.
Materials and Methods
Strains, Plasmids, and Antisera. E. coli C43(DE3) was used for overexpression of the HTL components and was a gift from John Walker, Medical Research Council Mitochondrial Biology Unit, Cambridge, UK. SecYEG and SecDFYidC-YajC (DFYY) expression vectors were from our laboratory collection (35) . The HTL expression plasmid (Fig. S1 ) was constructed using the ACEMBL expression system (23) . SI Materials and Methods gives more details. The plasmids for SecDF-YidC and covalently linked SecYEG dimer expression were gifts from Franck Duong, University of British Columbia, Vancouver, BC, Canada. Mouse monoclonal antibodies to SecY, E, and G were from our laboratory collection.
Enzymes and Chemicals. CL was obtained from Avanti Polar Lipids. DDM was from Glycon Biochemicals GmbH. Unless noted otherwise, all other reagents used in this study were from Sigma-Aldrich.
Purification of SecYEG, SecA, proOmpA, and SecDF-YidC. SecYEG, SecA, and proOmpA proteins were purified according to well-established procedures (36) . SecDF-YidC was purified in the same way as SecYEG.
Purification of the HTL. E. coli C43(DE3) expressing pACEMBL:HTL was used for HTL purification by Ni 2+ chromatography followed by size exclusion combined with an anion exchange step. SI Materials and Methods gives more details. In Vivo and in Vitro Cross-Linking. Analysis of intersubunit organization within the HTL was probed using Tris-bipyridylruthenium(II) as described (4) IMVs at a final concentration of 150 μM before incubation at room temperature for 20 min. The reaction was quenched by addition of Tris·Cl, pH 8.0, to a final concentration of 50 mM. The cross-linked SecYEG or HTL was then examined by Western blot directly from IMVs or by further purification as above.
SecA ATPase Stimulation. SecYEG-or HTL-mediated stimulation of the SecA ATPase was measured by titrating in increasing concentrations of each complex into solutions of SecA, as has been previously described (36) , in the presence or absence of 40 μM CL. SI Materials and Methods gives the data analysis.
Affinity Measurements of SecA to Either SecYEG or HTL by Quenching of an Extrinsic Fluorescent Probe on SecA. SecYEG or HTL were titrated into solutions of fluorescently labeled SecA A795C (SecA 795Fl ) as indicated. Fluorescence assays were performed in 20 mM Tris (pH 8.0), 130 mM NaCl, 10% (vol/vol) glycerol, 2 mM MgCl 2 , 0.02% DDM, 1 mM AMPPNP, and 10 nM SecA 795Fl . SecA 795Fl fluorescence quenching was monitored using a Jobin Yvon Fluorolog (Horiba Scientific) at an excitation wavelength of 495 nm and emission wavelength of 515 nm. CL (40 μM) was incorporated into the assay buffer where required, and SecYEG or HTL stocks were incubated with 40 μM CL for 1 h before titration. Specificity of the quenching of SecA 795Fl was assessed by competition for SecYEG or HTL binding using 1 μM wild-type SecA. SI Materials and Methods gives the data analysis.
Coreconstitution of BR with Translocation Machinery. For in vitro generation of a PMF in proteoliposomes, BR from Halobacterium halobium purple membranes was coreconstituted together with the HTL or SecYEG. Purple membranes were purified by standard methods (37) (SI Materials and Methods gives more details).
In Vitro Translocation Assay. The protein transport activity of the HTL or SecYEG, respectively, was analyzed as described (36 4 Cl, and 1 mM DTT in a volume of 30 μL. Fluorescence was measured using a Monolith NT.115 and data were analyzed using the supplied software (Nanotemper). Each experiment was repeated fourfold and the fluorescence was normalized by division through the average of the first four data points.
In Vitro Transcription/Translation/Insertion Assay. mRNA transcripts were generated using T7 RNA polymerase by in vitro transcription from PCR products containing cyoA downstream of a T7 promoter. These mRNAs were subsequently used in a coupled in vitro translation/insertion assay as detailed in SI Materials and Methods.
